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Abstract. We present multi-wavelength long-term moni-
toring observations of V635 Cas, the optical counterpart to
the transient X-ray pulsar 4U0115+63. The evolution of
emission lines and photometric magnitudes indicates that
the Be star undergoes relatively fast (∼ 3 − 5 yr) quasi-
cyclic activity, losing and reforming its circumstellar disc.
We show that the general optical, infrared and X-ray be-
haviour can be explained by the dynamical evolution of
the viscous circumstellar disc around the Be star. After
each disc-loss episode, the disc starts reforming and grows
until it reaches the radius at which the resonant interac-
tion of the neutron star truncates it. At some point, the
disc becomes unstable to (presumably radiative) warping
and then tilts and starts precessing. The tilting is very
large and disc precession leads to a succession of single-
peaked and shell profiles in the emission lines. Type II X-
ray outbursts take place after the disc has been strongly
disturbed and we speculate that the distortion of the disc
leads to interaction with the orbiting neutron star. We
discuss the implications of these correlated optical/X-ray
variations for the different models proposed to explain the
occurrence of X-ray outbursts in Be/X-ray binaries. We
show that the hypothesis of mass ejection events as the
cause of the spectacular variability and X-ray outbursts is
unlikely to be meaningful for any Be/X-ray binary.
Key words: stars: circumstellar matter – emission-line,
Be – individual: 4U0115+63, – binaries:close – neutron –
X-ray: stars
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1. Introduction
The hard X-ray transient 4U0115+63 (X0115+634) is one
of the best studied Be/X-ray binary systems (see Cam-
pana 1996; Negueruela et al. 1997, henceforth N97). This
is the second on a series of papers dedicated to under-
standing its behaviour and investigating what it can tell us
about the general class of Be/X-ray transients. An intro-
duction to the source has been presented in Paper I (Ne-
gueruela & Okazaki 2000), where it was shown that V635
Cas is a B0.2Ve star at a distance of ∼ 7 kpc. The primary
is seen under a moderate inclination (40◦ < i < 60◦), and
the high v sin i ∼ 300 kms−1 indicates that it rotates close
to its break-up velocity. A model for the system in which
the neutron star orbits a 18M⊙ primary was adopted af-
ter showing that the actual mass of the primary would
have little impact on the orbital parameters derived. Un-
der those conditions, the 24.3-d eccentric (e = 0.34) orbit
results in periastron and apastron distances of aper = 8R∗
and aap = 16R∗ respectively.
The disc around the Be star was modelled as a vis-
cous decretion disc, i.e., a quasi-Keplerian disc held by the
transport of angular momentum via viscous interactions.
The outflow (radial) velocity in such a disc is expected to
be strongly subsonic, in agreement with all the observa-
tions of Be stars in general and V635 Cas in particular. It
was shown that such a disc cannot reach a steady state due
to tidal and resonant interaction with the neutron star,
and it is truncated at a radial distance which depends on
the value of the viscosity, but which for most reasonable
values was found to correspond to the 4 : 1 commensu-
rability of disc and binary orbital periods, which is situ-
ated at adistance of 0.39 times the semi-major axis. This
truncation radius is closer to the Be star than the first La-
grangian point L1 for all orbital phases. Given that accre-
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tion of material from a very slow outflow implies that mass
transfer takes place through L1, no material can reach the
neutron star under normal conditions, which explains the
usual quiescence state of the source, with complete ab-
sence of X-ray emission.
2. Observations
We present optical and infrared photometry and optical
spectroscopy of V635 Cas, taken with a large array of tele-
scopes during the last ten years. The observations cover a
large variety of very different states of the source.
2.1. Optical spectroscopy
Spectra of V635 Cas in the red region from a number of
sources have been collected in this work. Data from 1990–
1994 have been retrieved from the La Palma Archive
(Zuiderwijk et al. 1994) or taken from N97. These obser-
vations had been obtained with either the 4.2-m William
Herschel Telescope (WHT) or the 2.5-m Isaac Newton
Telescope (INT), both located at the Observatorio del
Roque de los Muchachos, La Palma, Spain. Most spec-
tra have been taken with the Intermediate Dispersion
Spectrograph (IDS) on the INT, equipped with the 235-
mm camera + R1200Y grating which gives a nominal
dispersion of ∼ 0.8 A˚/pixel with most of the cameras
used. Higher resolution spectra were obtained with either
IDS equipped with the 500-mm camera and the R1200Y
grating or the Intermediate Dispersion Spectroscopic and
Imaging System (ISIS) on the WHT, equipped with the
R1200R grating.
During 1995– 1998 spectroscopy was regularly ob-
tained with the INT, equipped with the 235-mm camera +
R1200Y grating and either the Tek 3 CCD (giving a nom-
inal dispersion of ∼ 0.8 A˚/pixel) or the EEV #12 CCD
(giving a nominal dispersion of ∼ 0.4 A˚/pixel). Spectral
resolutions (as estimated from the FWHM of arc lines)
varied according to slit width (generally matched to see-
ing) from ∼ 1.2 A˚ to ∼ 2 A˚. All these data have been
reduced using the Starlink software packages ccdpack
(Draper 1998) and figaro (Shortridge et al. 1997) and
analysed using figaro and dipso (Howarth et al. 1997).
Some low-resolution spectra have been secured with
the Boller & Chivens spectrograph attached to the 1.82-
m telescope operated by the Osservatorio Astronomico di
Padova atop of Mount Ekar, Asiago (Italy). The detector
has been a Thompson TH7882 UV-coated CCD, 580x388
pixels of 23µm size. We used a 150 ln/mm grating giving
a dispersion of 7.8 A˚/pixel. The slit was set to 1.5 arcsec,
for a PSF on the spectrograph focal plane of ∼2.5 pix-
els. One spectrum was taken with the 1.5-m telescope at
Palomar Mountain Observatory (PAL) and one spectrum
was taken with the 1-m Jakob Kapteyn Telescope (JKT)
at La Palma.
A complete log of Hα spectroscopy is presented in Ta-
ble 1. Low-resolution spectra of the region λλ6800 − 9500
A˚ were taken on October 22, 1994 (Asiago) and August
12, 1998 (WHT). In both cases, no obvious stellar fea-
tures are visible, though the 1998 spectrum could show
Pa13 and Pa12 in emission. A higher resolution spectrum
taken on September 10, 1998, with the INT shows that
the upper Paschen lines have weak emission components
that fill in the photospheric absorption features, resulting
in the featureless continuum seen at lower resolutions.
2.2. Optical photometry
Several sets of UBV RI photometry have been obtained
using the Jacobus Kapteyn Telescope (JKT), located
at the Observatorio del Roque de los Muchachos, La
Palma, Spain. The telescope was equipped with the Tek4
CCD and the Harris filter set. Instrumental magnitudes
were extracted through synthetic aperture routines con-
tained in the IRAF package. Transformation to the John-
son/Cousins system was made by means of a system of
secondary standard stars on the same CCD frame1, cal-
ibrated through observations of photometric standards
from Landolt (1992) in an earlier photometric run (N97),
except for the October 11th 1997 observation, which was
part of a larger observing programme and was transformed
through calibrations derived from observations of a num-
ber of Landolt (1992) standard stars taken on the same
night. The photometric errors are the estimated uncertain-
ties in the transformation equations. The data are listed
together with the observations from N97 in Table 2
Photographic photometry has been obtained over
1987 – 1997 with the 67/92-cm Schmidt telescope oper-
ated by Osservatorio Astronomico di Padova atop Mt.
Ekar, Asiago (Italy). The telescope has a 205-cm focal
length and UBK7 corrective plate. For the B band the
standard emulsion/filter combination 103a-O + GG13 has
been adopted. The brightness of V635 Cas has been es-
timated at the microscope against the same comparison
sequence used for CCD photometry. The results of photo-
graphic photometry are reported in Table 3.
2.3. Infrared Photometry
The source has been monitored in the infrared since 1991
using the Continuously Variable Filter (CVF) on the 1.5-
m Carlos Sanchez Telescope (TCS) at the Teide Observa-
tory, Tenerife, Spain. Many of the observations have al-
ready been reported in N97 and Negueruela et al. (1998,
henceforth N98). However, we have reprocessed the com-
plete dataset using the procedure described by Manfroid
(1993) and all instrumental values have been transformed
1 Finding charts containing the local photometric sequence
can be found at the following World Wide Web address:
http://www.soton.astro.ac.uk/∼ind/v635cas.html
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Fig. 1. A general view to the evolution of the infrared and optical lightcurves and Hα line parameters for V635 Cas
during 1990 – 1998. In the top panel, B magnitudes are represented by squares (open when they are plate estimates
and filled when they are the result of CCD photometry). Times of X-ray activity are marked. Capital ’X’ indicates
a Type II outbursts, while ’x’ marks a Type I outburst or flare. In the three bottom panels, displaying the Hα line
parameters, absorption lines are represented by crosses, single-peaked lines are shown as filled circles, shell profiles are
open circles and double-peaked lines are filled squares (the FWHM and TBW of absorption lines is not plotted, since
it has a completely different physical meaning; FWHM is not plotted either for some profiles so asymmetric that it
loses any meaning). The two cycles of disc loss and reformation seen in the emission lines are clearly mirrored in the
evolution of the J and K magnitudes, but do not appear clearly reflected in the B lightcurve or in the evolution of
the (J −K) colours. Error bars have been removed for clarity (see Tables for details)
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Table 1. Observational details of the red spectroscopy and Hα line parameters. Errors in the measurements of EW
are typically 10 %, due to the subjective continuum determination. See Section 3.3 for the interpretation of the line
parameters for different line shapes. When the date is followed by a number, it indicates that the spectrum is shown
in Figure 2.
Date Telescope Nominal Shape Total Hα ∆vpeak FWHM TBW
Dispersion (A˚/pix) EW (A˚) (km s−1) (km s−1) (A˚)
Feb. 14, 1990 (1) WHT ∼ 0.8 SPV −7.0 − 580 23
Dec. 27, 1990 (2) INT ∼ 0.4 SHS −4.6 370 620 40
Jan. 27, 1991 (3) INT ∼ 0.8 SPS −10.0 − 440 18
Aug. 28, 1991 (4) INT ∼ 0.4 SHV −4.3 420 635 52
Dec. 14, 1991 (5) INT ∼ 0.4 DPV −5.4 480 − 22
Aug. 05, 1992 (6) INT ∼ 0.8 DPR −4.1 425 705 47
Jan. 01, 1993 WHT ∼ 0.4 DPV −7.0 390 730 42
Sep. 23, 1993 PAL ∼ 0.8 DPR −4.9 410 − 44
Dec. 18, 1993 WHT ∼ 0.4 DPS −5.5 405 680 48
Dec. 19, 1993 (7) WHT ∼ 0.4 DPS −5.3 390 670 44
Jan. 09, 1995 (8) INT ∼ 0.8 SPV −8.8 − 455 25
Jul. 03, 1995 INT ∼ 0.8 SHV −3.6 390 635 55
Sep. 12, 1995 (9) INT ∼ 0.4 SHV −5.0 420 600 55
Oct. 15, 1995 Asiago ∼ 7.8 SP? −10.2 − − −
Nov. 29, 1995 JKT ∼ 1.2 SPR −10.5 − − −
Jan. 12, 1996 INT ∼ 0.8 DPR −11.3 210 425 50
Jan. 31, 1996 INT ∼ 1.5 DPR −8.0 280 560 47
Jun. 20, 1996 (10) INT ∼ 0.8 DPR −7.4 340 590 54
Jul. 09, 1996 INT ∼ 0.8 DPR −6.5 390 − 53
Aug. 26, 1996 INT ∼ 0.8 SPR −8.4 − 550 24
Feb. 01, 1997 (11) INT ∼ 0.8 DPR −3.6 480 − 27
Jul. 17, 1997 (12) WHT ∼ 0.4 ABS +1.3 − 460 −
Jul. 25, 1997 INT ∼ 0.8 ABS +1.2 − 430 −
Aug. 23, 1997 INT ∼ 0.8 ABS +1.1 − 430 −
Sep. 05, 1997 INT ∼ 0.8 ABS +1.1 − 350 −
Sep. 25, 1997 INT ∼ 0.8 ABS +1.0 − 480 −
Oct. 01, 1997 INT ∼ 0.8 ABS +1.1 − 330 −
Oct. 13, 1997 INT ∼ 0.8 DPR +0.2 700 − 23
Nov. 14, 1997 (13) WHT ∼ 0.4 DPS −0.4 610 − 24
Aug. 02, 1998 (14) INT ∼ 0.4 DPS −6.5 305 700 50
Aug. 07, 1998 INT ∼ 0.4 DPV −6.5 325 660 50
Sep. 10, 1998 INT ∼ 0.8 DPV −7.4 310 690 51
Sep. 25, 1998 (15) INT ∼ 0.4 DPV −7.5 280 610 46
Dec. 28, 1998 (16) INT ∼ 0.8 SPR −8.7 − 550 26
to the TCS standard system (Alonso et al. 1998) in order
to generate a more coherent dataset.
Since the new values do not differ significantly from
those published when compared to the range of variability
of the source, in Table 4 we only report the data for the
period 1996 – 1998. Measurements for 1991 – 1995, which
are also shown in Fig. 1, can be found in N97 and N98.
3. Results
4U0115+63 is the most active of Be/X-ray transients.
Since 1969, it has been observed to undergo thirteen Type
II outbursts (6 before the discovery of the optical counter-
part) and several smaller flares (see Campana 1996). Dur-
ing the period covered by our observations, five outbursts
have taken place: in February 1990 (Tamura et al. 1992),
March and April 1991 (double-peaked outburst accord-
ing to Cominsky et al. 1994), May 1994 (N97), November
1995 (Finger et al. 1995) and March 1999 (Heindl et al.
1999). Smaller flares took place in January 1995 and Jan-
uary 1996 (Scott et al. 1996) and a series of four Type I
outbursts occurred between August and November 1996
(Bildsten et al. 1997; N98)
Between 1990 and early 1995, our optical observations
are relatively sparse. The gaps in our spectroscopic sam-
pling are typically larger than the time-scale for large
changes in the shape of the lines and therefore we cannot
derive any firm conclusions on the correlation between the
spectroscopic behaviour and the X-ray activity. However,
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Table 2. Observational details of the optical photometry. All the observations are from the JKT. The first three
datasets are taken from N97.
Date U B V R I B − V
Dec. 03, 1993 16.90 15.46 14.50 13.29 1.44
Aug. 18, 1994 16.30 14.92 13.95 12.75 1.38
Jan. 19, 1995 16.40 14.79 13.68 12.46 1.61
Oct. 11, 1997 17.07±0.10 16.86±0.03 15.41±0.02 14.52±0.03 13.17±0.08 1.45
Jan. 07, 1998 17.05±0.10 16.92±0.07 15.53±0.04 14.55±0.03 13.49±0.03 1.39
Sep. 05, 1998 17.04±0.08 16.93±0.06 15.37±0.02 14.32±0.02 13.19±0.02 1.56
Table 4. Observational details of the infrared photometry. All the observations are from the TCS.
Date TJD J mag H mag K mag
Jul 27, 1996 10292.7 11.58±0.04 11.10±0.01 10.67±0.02
Jul 28, 1996 10293.7 11.68±0.04 11.08±0.01 10.72±0.03
Jul 29, 1996 10294.6 11.55±0.05 11.10±0.03 10.72±0.02
Jul 17, 1997 10646.7 12.87±0.16 12.15±0.13 12.03±0.14
Jul 18, 1997 10648.7 12.67±0.09 12.06±0.05 11.75±0.04
Jul 19, 1997 10649.7 12.45±0.05 11.93±0.04 11.77±0.03
Jul 20, 1997 10650.7 12.17±0.05 11.67±0.04 11.43±0.04
Jul 21, 1997 10651.7 12.46±0.05 11.89±0.04 11.72±0.06
Jun 16, 1998 10981.7 11.93±0.04 11.26±0.03 10.73±0.05
Jun 17, 1998 10982.7 12.11±0.06 11.56±0.02 11.10±0.02
Oct 27, 1998 11114.4 11.63±0.07 11.17±0.04 10.64±0.06
it is noteworthy that we did obtain spectroscopy of the
source on or close to three of the occasions when it was
active in the X-rays (February 1990, January 1991 and
January 1995) and observed the emission line to be single-
peaked, while all observations during quiescence showed
double-peaked (sometimes shell-like) weaker lines.
From the summer of 1995 our spectroscopic coverage
has been much more complete – though still presenting
some large gaps. This has allowed us to study in detail
the changes in the emission lines that have taken place
during 1995– 1997, which are presented in the following
subsections.
3.1. Disc loss and reformation
Among the many different kinds of variability that Be
stars display, the most obvious is the transition between
Be phases and normal B phases. These changes have been
observed in a large number of Be stars, with and without
companions, and constitute one of the defining character-
istics of the Be phenomenon. The absorption spectrum
seen is typical of a normal B star and the transitions are
interpreted as due to the loss of the circumstellar disc.
Our observations (see Fig. 3) reveal that during 1996
the strength of the emission lines in V635 Cas gradu-
ally declined and sometime between February and July
1997 (unfortunately the period during which the source is
too low to be observed from La Palma), the absorption
lines typical of the photosphere of an early-type star be-
came visible. Similar disc-less have been reported in the
Be/X-ray binaries X Persei (Roche et al. 1997) and V725
Tau/A0535+26 (Haigh et al. 1999). The absorption spec-
trum seen is typical of a normal B star and the transitions
are interpreted as due to the loss of the circumstellar disc.
Several spectra taken during the summer and autumn
of 1997, following the dispersion of the envelope (see ex-
amples in Fig. 2 of Paper I) show the profile of Hα
basically reflecting the photospheric absorption feature,
though some residual emission seems to be present in all
the spectra (the effect is much stronger in the He i λλ 6678,
7065 A˚ lines). In the case of the disc-less phase of the
Be/X-ray binary X Persei, Telting et al. (1998) conclude
that even though the low photometric state lasted many
months, the photospheric lines were seen without any con-
tamination for only ∼ 4 weeks. After this, weak emis-
sion was observed in the line wings. Therefore it is likely
that in the case of V635 Cas there was a short time-
span during which the lines were purely photospheric, but
this must have taken place as soon as the lines reverted
to absorption, i.e., during the gap in our observations.
Stronger highly-variable emission wings are seen in the
spectra from October and November 1997, as is typical
of Be stars showing low-level activity during an extended
disc-less state (see Hanuschik et al. 1993; Rivinius et al.
1998 for examples)
The presence of absorption lines coincides with a pho-
tometric low state, as can be readily seen by comparing
the infrared magnitudes during July 1997 to those of July
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Fig. 2. The three panels show representative Hα lines from the three last cycles. Unfortunately the coverage is not
complete. Every cycle starts with a disc-less state and ends in the dissipation of the disc, which leads to the next
disc-less state. The disc reappears with some asymmetry already present (density wave?). As the strength of the line
increases, the two peaks converge and the line width diminishes (disc growth). This is followed by a number of fast
transitions between single-peaked and shell profiles (precession). Finally, the strength of the line decreases and the disc
disappears (dissipation). Note that all spectra have been divided by a polynomial fit to the continuum and normalised
to the same scale. The numbers refer to Table 1. The times at which X-ray outbursts occurred are marked, but note
that the horizontal (temporal) scale is not linear.
1996 and June 1998. This is expected, since free-free emis-
sion from the circumstellar disc contributes significantly
to the photometric magnitudes (N97). However, the very
large variability observed in the infrared magnitudes dur-
ing one week in July 1997 shows that even when the disc is
basically absent, low-level activity still results in the pres-
ence of some circumstellar material that contributes sig-
nificantly to the total brightness. Because of this, it is un-
likely that any single photometric dataset can be thought
to characterise a “state” of the source. It is significant
that the BV RI measurements from October 1997 are very
similar to those taken at other epochs when the disc was
present, while those from January 1998 show a decrease
in I by 0.32 mag with respect to the October 1997 values.
Since the January 1998 observation presents the faintest
and bluest magnitudes in our dataset and the I-band mag-
nitude (which is likelier to suffer from circumstellar con-
tamination than bluer magnitudes) measured on that date
is as faint as the faintest point measured by Mendelson &
Mazeh (1991, henceforth MM91) in the five years spanned
by their photometric monitoring of the source, we expect
these magnitudes to be close to the actual apparent mag-
nitudes of the star without any contribution from a disc.
This is consistent with the fact that, even though all
visual and infrared magnitudes of V635 Cas fluctuate con-
tinuously, the V magnitude has a tendency to take a value
of V ≈ 15.5 when the source is faint. The B-band light-
curve presents smaller fluctuations than the V band and,
again, the values during faint states seem to be consis-
tently B = 16.9 . In Paper I, we have shown that the
colours derived from the January 1998 observations are
consistent with the intrinsic colours of a B0V star with
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Table 3. Estimates of the B magnitude of V635 Cas based
on plates taken with the 67/92-cm Schmidt telescope of
Asiago Observatory. The last column is an estimate of
the quality of the plate ranging from A (very good) to D
(poor).
plate # date lim.mag B quality
13792 29-04-87 19.0 16.3 D
13834 01-07-87 <19.2 16.6 B
13850 21-07-87 <19.2 16.8 B
13938 21-11-87 19.4 16.8 A/B
13972 19-12-87 <19.2 16.3 C
14002 11-02-88 17.4 16.4 B
14642 07-10-89 17.4 16.6 B
14702 26-11-89 17.4 16.6 C/B
14924 13-11-90 17.7 17.1 B
14979 18-01-91 17.4 16.3 B
15002 14-02-91 17.1 16.3 A
15353 26-12-92 <19.2 16.6 B/C
15387 17-01-93 >19.2 16.7 B
15395 18-01-93 >19.2 16.6 C
15405 19-01-93 >19.2 16.5 B
15411 21-01-93 19.3 16.5 B/C
15416 22-01-93 19.3 16.4 B
15423 24-01-93 19.3 16.5 B
15427 25-01-93 19.2 16.7 C
15434 27-01-93 >19.2 16.5 C
15438 13-02-93 >19.2 16.6 D
15448 14-02-93 <19.2 16.7 B
15656 15-10-93 <19.2 16.8 B/A
15706 16-12-93 19.4 16.9 B
15721 15-01-94 <19.2 16.8 B/C
15804 10-10-94 >19.2 16.7 B
16223 12-01-97 <19.2 16.8 B
the measured interstellar reddening and consequently used
this photometric dataset to determine the distance to the
source. Therefore we conclude that, in spite of the ob-
served activity during October and November 1997, the
source was basically disc-less in January 1998.
After the disc-less state, disc reformation was very
quick. As can be seen in Table 1 and Fig 4, typical emis-
sion lines were present by August 1998, only ∼ 6 months
after the photometric minimum. We note that the lines
had been observed to be in absorption in February 1992
(Unger et al. 1998). Our observations show that emission
was again present in August 1992. Also in this case, the
time for disc reformation is constrained to be <∼ 6 months.
In both cases, the line profile after the disc-less phase
was double-peaked and relatively broad, as corresponds to
a Be star seen under a moderately large inclination (Hum-
mel 1994; Hanuschik et al. 1996). In Paper I, a moderate
inclination of 40◦ < i < 60◦ was derived. Therefore this
particular line profile must be interpreted as the “quies-
cence” shape for V635 Cas, in the sense that it reflects
the inclination of the system and corresponds to an un-
perturbed quasi-Keplerian disc (in the sense defined by
Fig. 3. Series of red spectra of V635 Cas showing the
gradual weakening and final disappearance of the emis-
sion lines during 1996 and early 1997. Note the increase
in the asymmetry as the line strength decreases. All spec-
tra have been divided by a spline fit to the continuum for
normalisation and arbitrarily offset for clarity. See Table
1 for observational details of the spectra.
Hanuschik 1996), while other line profiles correspond to
perturbed states of the disc.
3.2. Timescales
Whitlock et al. (1989) were the first to notice that the
X-ray activity of 4U 0115+63 seemed to occur with a
quasi-periodicity of ∼ 3 yr during 1974 – 1989. This quasi-
periodicity was broken when the February 1990 outburst
was followed by another outburst in March 1991. However,
the gap between this outburst and the following one, in
May 1994, was of slightly over three years. During the
1992-1997 cycle, there were two major outbursts and sev-
eral Type I outbursts and flares, but the gap between the
November-December 1995 Type II outburst and the next
Type II outburst in March 1999 was again ∼ 3 years.
Our observations reveal that during the last two 3-year
gaps the circumstellar disc dispersed and reformed. If the
previous photometric low state in 1989 (MM91) was also
due to a disc loss episode, this would mean that the typical
8 Negueruela et al.: Outburst mechanisms in 4U 0115+63
gap of∼ 3 years between X-ray outbursts and the∼ 3-year
cycles of disc loss and reformation occur in phase. Given
that the X-ray source is powered by accretion of material
from the circumstellar disc, we conclude that the X-ray
quasi-periodicity is induced by the typical time-scales for
disc loss and reformation.
Fig. 4. Evolution of the Hα line during 1998. Compare
this series with that shown on Fig. 7 (for the 1992 – 1993
period). As the line strength grows, both the peak sep-
aration and FWHM decrease, indicating a growing disc.
All spectra have been divided by a spline fit to the con-
tinuum for normalisation and arbitrarily offset for display.
See Table 1 for observational details of the spectra.
Since all the variability in the line profiles, infrared
magnitudes and X-ray activity seems to be correlated and
driven by this disc growth/dispersion cycle (see Fig. 1
where the cyclicity is apparent in the infrared magni-
tudes), in what follows we will divide the time covered
by these observations in:
– Cycle A: Starting with the low photometric state
in 1989 (which we interpret as a disc-loss event) and
ending at the disc-less episode in early 1992. Two X-
ray outbursts were observed in February 1990 and
March/April 1991.
– Cycle B: Starting with the disc-less state in 1992 and
lasting till the disc-less state in 1997. Two Type II
outbursts took place in May 1994 and November 1995,
as well as some smaller flares.
– Cycle C: Starting with the disc-less state in 1997 and
still continuing. A Type II X-ray outburst took place
in March 1999.
A second time-scale observed is that of line changes.
We find that the typical time-scale for large changes is ∼ 1
month (the shell to single-peaked transitions observed in
January 1991 and October 1995) while a particular line
shape seems to exist for several months. In the following
sections, we will discuss these line changes in detail and
conclude that they likely arise from the precession of the
warped disc of V635 Cas.
A third, less obvious time-scale could characterise the
X-ray activity during each of the cycles. During cycle B, X-
ray coverage of the source has been continuous. The source
has been active in four occasions. There were two large
outbursts in May 1994 and November 1995, a small flare
in January 1995 and a series of small (Type I) outbursts
after August 1996. We note that the time interval between
this four periods of activity (May 1994– Jan 1995 –Nov
1995 –Aug 1996) has always been ∼ 8 – 9 months. Such
a separation is comparable to the gap between the two
outbursts seen in cycle A (though coverage was not com-
plete around this time and smaller flares could have gone
undetected) and the ∼ 6 month quasi-period observed be-
tween four weak outbursts that took place during 1969–
1970 (Whitlock et al. 1989). This third time-scale is also
probably associated with the dynamics of the circumstel-
lar disc, as discussed in the next sections.
3.3. Disc warping
As can be seen in Fig. 2, the Hα emission line is ex-
tremely variable. The changes affect not only its shape
but also the Full Width at Half Maximum (FWHM) and
in the Total Base Width (TBW). Other emission lines, like
He i λ6678A˚, undergo a parallel evolution (see Fig. 3 and
also N98). In Table 1, the shape of Hα in every spectrum
has been indicated according to the following convention:
when the line is fundamentally photospheric absorption it
is labelled ABS; emission lines have been marked as single-
peaked (SP), double-peaked (DP) or shell (SH), followed
by a letter that describes the symmetry of the profiles, i.e.,
red dominated (R), blue dominated (V) or symmetric (S)
when the two peaks have a similar strength or the single
peak looks symmetric. Thus, SPR means a single peaked
profile with the peak on the red side of the line profile.
The different shapes of emission lines seen in different
Be stars are in principle attributed to the different inclina-
tions with respect to the line of sight of an equatorial cir-
cumstellar disc (see Hanuschik et al. 1995; Hummel 1994).
For low inclination angles, single-peaked profiles are seen
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(generally showing flank inflections due to non-coherent
scattering, producing the wine-bottle profile). For inter-
mediate inclinations, double-peaked profiles are seen due
to Doppler broadening. For large inclinations, the outer
cooler regions of the disc intercept the line of sight and
give rise to shell profiles, characterised by deep narrow
absorption cores that go below the continuum level, at
least in optically thin lines.
Fig. 5. The complex shape of the Hα emission line. The
spectrum from 27th Jan 1991 is compared to the absorp-
tion spectrum observed in July 1997. Note the broad emis-
sion component forming a base to the main feature. In
Table 1, the TBW of the single-peaked profiles represents
the width of the main feature and does not include this
broad feature. The two spectra have been divided by 2nd
degree polynomial fits to the local continuum.
Hanuschik (1996) proposed that, for a restricted in-
terval of inclinations around i ≃ 70◦, changes in the disc
radius or thickness can cause the line shapes to change
between double-peaked and shell, but this cannot be the
reason for the shell episodes of V635 Cas, since it also
displays single-peaked profiles. As a matter of fact, shell
profiles were only observed as part of fast shell/single-peak
transitions that took place during the last phases of cycles
A and B, leading in both cases to the dispersal of the disc.
Similar phenomenology (generally referred to as spectac-
ular variations) in the isolated Be stars γ Cas and 59 Cyg
was explained by Hummel (1998) in terms of variations in
the angle under which we are seeing the circumstellar disc
due to its precession after it has tilted off the equatorial
plane.
In this picture the circumstellar disc evolves from
an intermediate line-of-sight inclination (corresponding to
the equatorial plane of the Be star) to a much lower in-
clination angle. When the disc is basically seen face-on,
we see single-peaked lines and the associated brightening
because we observe emission from the whole disc surface.
As the disc precesses we come to see it under a large in-
clination angle and its external regions intercept the light
from the inner disc, resulting in the observation of shell
lines and a faint state due to self-absorption of disc and
stellar emission.
Our dataset is far from having the time resolution of
the γ Cas observations that were used to derive this inter-
pretation, and provides only a few snapshots of the evo-
lution of line shapes. We are not able to precisely identify
the occurrence of full single-peaked or shell episodes and
therefore when considering a spectrum we cannot in gen-
eral decide to which phase of a shell/single-peak transition
it corresponds. However, we note the following similarities:
(I). As γ Cas, V635 Cas is seen under a moderate inclina-
tion angle and, when an unperturbed disc is present,
it displays double-peaked symmetrical profiles.
(II). As in the case of γ Cas, the shell/single-peak transition
events end up in the dispersion of the circumstellar
disc. This happens in both cycle A and B.
(III). As in the case of γ Cas, V/R variability occurs dur-
ing the transitions in both cycle A and B. In cycle
B, we know that it started before the onset of single-
peak/shell transitions (as in γ Cas). In cycle A, we
have no observations previous to the onset of the tran-
sitions
(IV). For the single-peak phase that occurred around Oc-
tober 1996 (last single peak of cycle B), which is the
only phase that we can time with some accuracy, we
see that the symmetry was V>R before the single peak
and R>V after the single peak, as in γ Cas.
(V). In cycle B, the single peaked phase close to January
1995 was accompanied by very bright infrared and op-
tical magnitudes (J = 10.9 on Jan 3). The shell phase
during the summer was accompanied by much fainter
magnitudes (J = 12.1 in late July). The infrared mag-
nitudes reached a maximum close to the next single-
peak episode (J = 10.8 on Oct 15) and then faded as
the disc dispersed. Similarly, during cycle A the tran-
sition between a shell phase and a single peak that
took place close to Jan 1991, was accompanied by a
brightening in the I band by more than 1 mag (N97).
In contrast, the large increase in Hα EW that immedi-
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ately preceded the 1992 disc loss, was not accompanied
by a brightening of the source (Unger et al. 1998;N97).
In summary, insofar as the observations constrain the
model, they favour a close parallel with the spectacular
variations of γ Cas. The only point in which the parallel
is not obvious are the large changes in TBW that accom-
panied the transitions in γ Cas. As a matter of fact, it is
very difficult to estimate the TBW of the emission lines
in V635 Cas because 1) the continuum is difficult to de-
termine (as discussed in Paper I) and 2) even when the
overall profile is a narrow single peak, there is a broad
base component, (as illustrated in Fig. 5, but see also the
12th Jan 1996 profile in Fig. 3) on top of which it sits.
Furthermore, in order to test the validity of the expla-
nation, we have calculated synthetic line profiles for the
disc model with the parameters listed in Table 1 of Paper
I and a viscosity parameter α = 0.1 (i.e., the disc whose
structure is shown in Fig. 5 of Paper I) and allowed the
inclination angle i to vary. Since disc truncation will lead
to higher densities in the disc than in isolated Be stars,
the line optical depth when the disc is seen pole-on has
been taken to be τ = 104. The profiles were computed
using the same method as described in Okazaki (1996),
but now the stellar continuum and the deviation from the
second energy level of hydrogen have been included. We
have assumed that the stellar source function is equal to
the Planck function at Teff and that the deviation factor,
b2, is given by b2 = 1/W , where W is the dilution factor
defined by W = 1
2
{1 −
[
1− (R∗/r)
2
]1/2
} (e.g., Hirata &
Kogure 1984).
As can be seen in Fig. 6, the theoretical profiles match
very well the observed profiles for moderate and high incli-
nations (the small difference between the observed and cal-
culated shell profile being attributable to the V>R asym-
metry in the former, which was not considered in the lat-
ter), but fail completely to describe the single-peaked pro-
files. Our interpretation for this is that the disc is not tilted
as a solid body but warped (see Fig. 6) and therefore the
central parts of the disc are still seen under a moderate in-
clination and contribute high velocity components to the
emission lines that create the observed broad base (which,
as expected, has a TBW similar to that of double-peaked
profiles).
We conclude then that the alignment with the line
of sight of very different geometrical configurations of a
precessing warped disc is the cause of the shell/single-
peaked transitions in V635 Cas. We can then divide each
of the disc formation and dispersal cycles into a number
of phases:
(1). A disc-less phase, where low level emission can be oc-
casionally seen on the line wings.
(2). A growing-disc phase, where the EW of Hα is observed
to grow, while its FWHM decreases (as seen at the
start of cycles B and C). During this phase, there can
be fast (days) V/R variability (cf. Fig. 4), but also
large-scale V/R variations with longer (many months)
quasi-periods, as during the growing phase of cycle B
(cf. Fig. 7)
(3). A warping of the disc, followed by its precession. It is
during this time when the shell/single-peak transitions
are seen.
(4). The dispersal of the disc.
4. Global disc oscillations
As mentioned, the emission lines in V635 Cas do gener-
ally display V/R variability. This can be in a small scale
and rather fast (cf. Fig. 4), and probably associated with
episodic slightly enhanced mass loss from the star (a phe-
nomenon seen in many other Be stars with small discs or
during disc reformation; cf. Rivinius et al. 1998), but also
on a much larger scale (as in Fig. 7). This second variabil-
ity is similar to the long-term variability observed in many
Be stars and Be/X-ray binaries and can be attributed to
the presence of a m = 1 mode in the disc, where m is
the azimuthal wave number (Kato 1983; Okazaki 1991;
Papaloizou et al. 1992; Hanuschik et al. 1995; Hummel &
Hanuschik 1997).
Hitherto, the characteristics of the m = 1 modes in Be
discs have been studied only for inviscid cases, in which the
m = 1 modes are neutral, i.e., their frequencies have no
imaginary part. We have studied the applicability of the
m = 1 modes to the disc model developed for V635 Cas in
Paper I. In what follows, we show that the m = 1 modes
are overstable in viscous decretion discs. For this purpose,
we first consider the stability of the local perturbations
which vary as exp[i(ωt − krr − mφ)]. After Kato et al.
(1988) who studied the stability of viscous accretion discs
to pulsational (i.e., axisymmetric) modes, we can write
the local dispersion relation to non-axisymmetric pertur-
bations as
(ω −mΩ− krVr)
[
(ω −mΩ− krVr)
2 − κ2 − c2sk
2
r
]
= −2iαΩc2sk
2
r , (1)
where α is the Shakura-Sunyaev viscosity parameter, cs is
the sound speed, Vr is the radial component of the unper-
turbed velocity field, and Ω and κ are the frequency of the
disc rotation and the epicyclic frequency, respectively.
As pointed out by Kato et al. (1988), among three
solutions of Eq. (1), it is the inertial-acoustic mode that
is unstable. When the disc is inviscid, the inertial-acoustic
mode is neutral and has the frequency given by
ω −mΩ− krVr = ±(c
2
sk
2
r + κ
2)1/2. (2)
However, when the viscous effect is taken into account as
a perturbation, we have
ω −mΩ− krVr
= ±(c2sk
2
r + κ
2)1/2 − iαΩ
c2sk
2
r
c2sk
2
r + κ
2
. (3)
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Fig. 6. Synthetic line profiles com-
puted using a disc model with the
parameters for V635 Cas derived in
Paper I (thick lines) are compared
to observed profiles (thin lines). The
inclination angle i has been allowed
to vary in order to reproduce the
tilt caused by disc warping. Anno-
tated on the right hand side of each
profile is the model EW for the line
(thick print) and the corresponding
measured EW on the observed pro-
file (thin print).
The profiles chosen for com-
parison are those that most closely
match the theoretical lines, but the
actual inclination angle of the disc
under which they were produced
(which is, of course, unknown) may
well be different from the inclination
chosen for the model.
A schematic model of the disc
configurations that would produce
the profiles is included. The line of
sight is supposed to have an inclina-
tion with respect to the equatorial
plane of ∼ 50◦. The top configura-
tion will produce profiles as those
observed (i.e., with a narrow peak
coming out of a broad base), rather
than the simple single-peak theoret-
ical profile, which corresponds to a
purely tilted disc. Due to the disc
warp, the central regions of the disc,
which are still seen under a mod-
erate inclination angle, contribute
high-velocity components, which re-
sult in the observed broad base (see
Fig. 5).
Hence, the inertial-acoustic mode becomes overstable
when the viscosity is included. The growth rate is given
by
|Im{ω}| = αΩ
c2sk
2
r
c2sk
2
r + κ
2
= αΩ(krH)
2, (4)
where the second equality holds for geometrically-thin,
near Keplerian discs, in which cs ∼ ΩH and κ ∼ Ω.
Next, we study the stability of global m = 1 pertur-
bations. For simplicity, we consider isothermal perturba-
tions. It can be shown that linearized equations for m = 1
isothermal perturbations superposed on the unperturbed
axisymmetric disc discussed in Paper I are written as[
i(ω − Ω) + Vr
d
dr
]
σ1
σ0
+
1
rσ0
d
dr
(rσ0vr)−
ivφ
r
= 0, (5)
c2s
d
dr
(
σ1
σ0
)
+
[
i(ω − Ω) +
dVr
dr
+ Vr
d
dr
]
vr − 2Ωvφ
= 0, (6)
c2s
(
−
i
r
+ α
d
dr
)
σ1
σ0
+
κ2
2Ω
vr
+
[
i(ω − Ω) +
Vr
r
+ Vr
d
dr
]
vφ = 0, (7)
where σ0 and σ1 are the unperturbed surface density and
the Eulerian surface-density perturbation, respectively,
and (vr, vφ) is the vertically averaged velocity field as-
sociated with the perturbation. As boundary conditions,
we impose (vr, vφ) = 0 at the inner edge of the disc and
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Fig. 7. Evolution of the Hα line during 1992 – 1993, show-
ing evidence of a global mode propagating in the circum-
stellar disc. All spectra have been divided by a spline fit
to the continuum for normalisation and arbitrarily offset
for display. See Table 1 for observational details of the
spectra.
∆p = 0 at the outer disc radius, where ∆p is the La-
grangian perturbation of pressure. Solving Eqs. (5)-(7)
with the unperturbed state shown in Fig. 5 of paper I
and the above boundary conditions, we have the funda-
mental m = 1 mode shown in Fig. 8. The period of the
mode is 1 yr and the growth time is 4.6 yr. Note that we
have a similar growth time (6 yr) from Eq. (4) based on
the local analysis, taking kr ∼ pi/rd, where rd is the disc
outer radius. Since rd is close to the periastron distance in
a rough sense, we expect from Eq. (4) that a system with
a larger periastron distance will show a slower growth of
the m = 1 mode.
The disc perturbed by the m = 1 mode becomes ec-
centric and shows quasi-periodic changes in Balmer line
profiles, the so-called long-term V/R variations. The slow
growth of the m = 1 mode suggests that this phenomenon
will be observed only after the disc is fully developed,
but before it becomes unstable to warping. During 1992 –
1993, 4U 0115+63 exhibited the long-term V/R variations,
which are similar to those of isolated Be stars, except that
the period of variability is much shorter for 4U 0115+63
Fig. 8. Linear, isothermal m = 1 mode in the viscous disc
around V635 Cas. The unperturbed disc structure is given
in Fig. 5 of Paper I. The period of the mode is 1 yr and the
growth time is 4.6 yr. Both disc and mode rotate counter-
clockwise. The contours denote the relative density pertur-
bation in linear scale. The solid (dashed) contours are for
the region with positive (negative) density enhancement.
Arrows superposed on the contours denote the perturbed
velocity vectors normalized by the unperturbed angular
velocity, (vr/Vφ, vφ/Vφ).
than for isolated Be stars (see Fig. 7). We note that the
characteristics of the m = 1 mode shown in Fig. 8 are
in agreement with these variations. The model could also
explain the V/R variability observed in 1996 – 97, though
it is also possible that these variations were due to the
warp in the Be disc or, more likely, a combination of both
effects.
5. Discussion
5.1. The shell-ejection hypothesis
Many authors (e.g., Kriss et al. 1983) have attributed the
onset of Type II outbursts in Be/X-ray binaries to hypo-
thetical events of enhanced mass loss from the Be star. In
this picture, a shell of material is ejected from the Be star
and, after reaching the orbit of the neutron star, part of
it is accreted via an accretion disc. 4U 0115+63 has long
been considered the prototypical system in which this be-
haviour was observed. This hypothesis is difficult to hold
in view of the observations presented here, which suggest
completely different causes for the observed behaviour.
However, since this is a very extended and generally in-
voked picture, we would like to show its lack of consistency,
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taking as an example the strong Type II X-ray outburst
starting on Nov. 18, 1995 (Finger et al. 1995), shortly af-
ter the last single peak phase of cycle B and its associated
brightening.
Figure 9 shows the change in the emission lines that
took place, which must reflect a global and profound
change in the mass distribution of the disc, since the
change in symmetry persisted for a long time and ulti-
mately led to the dispersal of the circumstellar disc (see
Fig. 3 and the discussion in N98). If we try to explain all
these changes and the Type II X-ray outbursts as conse-
quence of the ejection of a shell of material, we find that:
– Since the shell ejection resulted in a global change of
the physical conditions of the disc, an amount of mat-
ter comparable to a substantial fraction of the disc
mass must have been ejected.
– The shell ejection resulted in a global change of the
mass distribution in the disc, indicating that it was
very asymmetric. The shell becomes a blob, with
Mblob > 10
−10M⊙ (mass accreted in order to produce
the observed X-ray luminosity).
– The episode resulted in a global change of the disc
structure in less than one month. This means that the
blob must have been ejected with a rather high radial
velocity (>∼ 5 km s
−1).
– The episode resulted in a very luminous X-ray outburst
– the blob was able to impact the neutron star about
one month later. Such a short timescale suggests that
the blob was not circularized and merged into the Be
disc because of the action of viscous forces.
We cannot think of any physical mechanisms within
the framework of our knowledge of Be stars (or stars in
general) that could generate such a scenario. We are there-
fore forced to drop the shell ejection hypothesis. We note
that a modified version of this picture was defended in
N97. This was mainly due to the fact that, due to sam-
pling effects, shell lines were the most frequent shape in
the sample, leading to the interpretation that they rep-
resented the quiescence state of the system and therefore
that the system inclination with respect to the line of sight
was very large.
5.2. The mechanism for Type II outbursts
The body of observations presented here suggests a com-
pletely different explanation for the optical and X-ray be-
haviour of 4U 0115+63. The dynamical evolution of the
(presumably viscous decretion) disc surrounding the Be
star is responsible for the spectacular changes in opti-
cal brightness and line shapes, and represents the driving
force inducing the X-ray behaviour of the system.
As outlined in Section 3.3, the cycles of disc loss and
reformation are the main modulator of the X-ray be-
haviour. In each one of those cycles, after the phase of
disc growth, the disc must reach the radius at which it
is truncated by the presence of the neutron star (presum-
ably, the 4 : 1 resonance). As a consequence of truncation,
the density of the circumstellar disc must grow for a time,
until the disc becomes sufficiently optically thick to con-
tinuum radiation for radiation-driven warping to become
possible (see Porter 1998 for a discussion). As the disc
warps, the tilt of the outer regions increases until they
come to be close to perpendicular to the line of sight.
The observation of shell lines alternating with single-
peaked profiles indicates that the disc must at some point,
start precessing. When the warping is driven by radiation,
the time-scale of this precession is given by Porter (1998)
as
T ≈
(
R∗
R⊙
) 5
2
(
M∗
M⊙
) 1
2
(
L∗
L⊙
)−1
yr (8)
where we interpret L∗ as the stellar luminosity to which
the disc becomes optically thick. In the case of V635 Cas,
in which several per cent of the total luminosity is ex-
pected to contribute to drive the warp, we have T ≈
O(100 d), which is a typical time-scale for the changes in
the emission lines.
At present, it is not clear if the tidal warping of the
neutron star will contribute to make the disc precess as a
rigid body. Early results by Papaloizou & Terquem (1995)
and Larwood (1998) seem to indicate that tidal torques
when the disc is not coplanar with the binary orbit will
lead to a rigid body precession of the disc. However, re-
cent results by Lubow & Ogilvie (2000) indicate that a
disc that extends as far as the 4 : 1 resonance is too big
for tidal torques to be effective. For this reason, we will
discuss no further the role of the tidal torque. If the orbit
was not coplanar with the equatorial disc, the tidal torque
would be acting on it from the beginning, but the overall
behaviour would not be very different.
The observations of V635 Cas show that during cycles
A and B the X-ray outbursts take place during (or shortly
before) the phase of shell/single-peak transitions. Though
we cannot rule out the possibility that there is no causal
connection between these two phenomena (for example, if
the accumulation of a large amount of material is a pre-
condition for both disc warping and mass transfer to the
neutron star, none of them will happen at the start of the
cycle), the large perturbation induced on the disc by the
combined effects of global modes and radiative warping of-
fers a good candidate to the reason why tidal truncation
can be occasionally overcome. We envisage that, since the
disc is heavily distorted, its outer regions, in which the
density is high due to the resonant truncation, can over-
flow the critical Roche potential towards the gravitational
well of the neutron star. We speculate that if the disc is
heavily elongated in the direction towards periastron, as
the precession time-scale is long compared to the orbital
period, it can supply its dense outer part onto the neutron
star for several orbital periods. Once matter has flown onto
the neutron star, the onset and duration of the Type II
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Fig. 9. A large change in the shape of the emission lines took place immediately before the November 1995 Type II X-
ray outburst. The two spectra in the main panel, taken with the same instrumental setting, allow a direct comparison
of the change in Hα and He i λλ 6678, 7065 A˚ lines. The spectra in the two small insets, with very different resolutions
and spectral ranges, strongly constrain the time during which the change took place. The duration of the event was
less than one month. All spectra have been divided by a spline fit to the continuum for normalisation and arbitrarily
offset for clarity. The strongest diffuse interstellar bands are marked with a “◦” on the spectrum from July 3rd, while
the strongest telluric features are marked by an arrow. See Table 1 for observational details of the spectra.
outburst will depend on the timescales characteristic of
the accretion disc around the neutron star
We note that this picture is supported by the observed
quasi-periodicity of X-ray activity inside one cycle and the
association of X-ray outbursts with single-peaked lines,
which suggests that some particular disc configuration is
necessary in order to have X-ray activity, even though
this does not imply that such configuration must neces-
sarily result in an X-ray outburst. We must emphasize
that, in this picture, the coincidence of single-peaked pro-
files and X-ray outbursts is due only to the system orien-
tation to the line of sight and that some other phase of
the shell/single-peak transition could coincide with mass
transfer to the neutron star if the orbit was orientated
differently.
5.3. Mass-loss estimates
In order to estimate the amount of material accreted dur-
ing a Type II outburst, we will assume a constant luminos-
ity Lx ≈ 3×10
37 erg s−1 during one month. This is proba-
bly an overestimate, but will make up for the assumption
of η = 1 efficiency in the conversion of gravitational energy
into X-rays. The derived accretion rate on to the neutron
star M˙x = 1.6 × 10
17 g s−1 = 2.5 × 10−9 M⊙ yr
−1 means
that an amount ≈ 2× 10−10 M⊙ is accreted.
Since the disc does not disappear during a Type II
outburst, but actually the strength of the lines does not
seem to be too much altered, the original mass of the disc
must be comparable to the amount of material accreted.
Therefore we can assume Mdisc ∼ 5 × 10
−10 M⊙ at least
– this is, for example, one order of magnitude less than
the estimates of disc mass in X Persei by Telting et al.
(1998). Since the Type II outbursts have been observed
to occur between 1 and 2 years after the star is seen in a
disc-less state, the mass loss rate from the Be star must
be M˙Be >∼ 5× 10
−10M⊙ yr
−1 while the disc is reforming.
Hanuschik et al. (1993) showed that during mass loss
events in the Be star µ Cen, the mass loss rate was
≈ 4 × 10−9 M⊙ yr
−1. This events lasted typically a few
days and the amount of material supplied was not enough
to build a disc. V635 Cas would only need to be supplying
a continuous mass loss rate one order of magnitude smaller
than that from µ Cen during outbursts in order to rebuild
its disc in the ∼ 6 months determined by our observa-
tions. If this material was reaching the neutron star, it
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would permanently provide enough material for an X-ray
luminosity Lx ≈ 6 × 10
36 erg s−1, which is comparable to
that of Type I X-ray outbursts.
Since 4U 0115+63 is not displaying persistent X-ray
emission at such level (or any detectable level), it is clear
that most of the material lost from the Be star is kept
in the disc and does not reach the vicinity of the neutron
star. Tidal truncation provides an obvious mechanism to
prevent material from leaving the disc during the normal
state of the system. When dynamical instability leads to
the disruption of the disc, material is fed on to the neutron
star at a much higher rate than it is leaving the Be star.
This means that no “enhanced mass loss phase” from the
Be star is necessary in order to explain the occurrence of
X-ray outbursts. Moreover, since only a fraction of the
disc mass will be fed on to the neutron star during a Type
II outburst, it is even likely that most of the disc material
will fall back on to the Be star during the disc loss process,
supporting the idea by Porter (1999) that most of the
material in a decretion disc must be reaccreted by the Be
star.
5.4. Implications for other Be/X-ray binaries
We have developed a model for the Be/X-ray binary
4U0115+63 and used it in combination with an empiri-
cal approach to explain the phenomenology of this source.
The Be/X-ray transient 4U0115+63 was selected for care-
ful monitoring because its typical timescales seem to be
shorter than those of other Be/X-ray binaries, and it is
therefore only natural that our model has been first ap-
plied to it. However, there is nothing in the derivation of
the model or the explanations for the phenomenology of
4U 0115+63 that seems to be exclusive to this system, and
we are tempted to attribute the speed of the changes in
comparison to similar systems to the closer orbit of the
neutron star.
The main conclusions of the application of the viscous
decretion model to the Be discs in Be/X-ray binaries hold
for other systems, i.e., their discs will be truncated by the
resonant interaction of the neutron star. A detailed anal-
ysis of the parameter space and the possible behaviours
derived is left for a forthcoming paper. However it looks
very likely from the results of this paper that the two
types of X-ray outbursts in Be/X-ray transients must be
associated with two different mechanisms or phenomena.
The explanations advanced for the behaviour of
4U 0115+63 further support the picture developed in N98
in which Type II outbursts are associated with catas-
trophic perturbations of the circumstellar discs. Even
though N98 could not decide in which direction there was
a causal connection between the perturbation and the out-
burst, the case of 4U0115+63 strongly suggests that it is
the perturbation in the disc which leads to the outburst,
and not otherwise. Bildsten et al. (1997) speculated that
the Type II outbursts of Be/X-ray transients could be
caused by a thermal instability in an accretion disc sur-
rounding the neutron star. The results presented here are
difficult to reconcile with such a mechanism, since one
would expect that, in that case, the onset of Type II out-
bursts would be completely independent of the behaviour
of the decretion disc surrounding the Be star, in open
contradiction with the observations presented here and in
N98.
The large perturbation in the disc of V725 Tau, the
optical counterpart to A 0535+26, which occurred at the
time of its last Type II outbursts (N98) has led to the grad-
ual dissipation of the circumstellar envelope (see Haigh et
al. 1999; Negueruela et al. 2000). Such behaviour is remi-
niscent of that observed in V635 Cas and is probably in-
dicating some similarly quasi-cyclical activity on a longer
time-scale. Since these two sources are the Be/X-ray tran-
sients for which more regular optical monitoring has been
presented, it is tempting to generalize this result. Both
the observations and the estimate of mass loss rates and
accretion rates during X-ray outbursts support the idea
that Type II outbursts in Be/X-ray transients are asso-
ciated with major dynamical disturbances of the Be star
disc rather than “shell ejection” or “enhanced mass loss”.
However, we do not imply that large perturbations are
a necessity for X-ray outbursts in all Be/X-ray transients.
As a matter of fact, a whole cycle of of disc growth and dis-
persal was observed between 1996 and 2000 in LS 992, the
optical counterpart to RXJ0812.4−311 (Reig et al. 2000).
The time-scales for the cycle, for disc loss and disc forma-
tion were very similar to those seen in V635 Cas. However,
the X-ray behaviour was completely different. As soon as
the disc reached a certain size, the source started a se-
ries of Type I outbursts which lasted while the disc was
present (Reig et al. 2000).We speculate that in this system
(whose orbital parameters are, except for the presumed
81-d orbital period, unknown) the truncation mechanism
is not as efficient as in 4U0115+63 and the disc can trans-
fer mass to the neutron star at every periastron passage.
It is even likely that it is precisely because the efficient
truncation of the disc does not allow mass transfer to the
neutron star during long periods (preventing Type I out-
bursts) that the disc in V635 Cas experiments large-scale
perturbations and Type II outbursts occur.
Finally, both observational and theoretical results
for 4U 0115+63 confirm the hypothesis advanced for
V 0332+53 (Negueruela et al. 1999) that the long peri-
ods of quiescence of Be/X-ray transients can be due to
the limitation of the disc size by the neutron star. There-
fore we can conclude that the mechanism controlling the
overall X-ray behaviour of the systems is the dynamical
interaction of the Be decretion disc with the neutron star.
6. Conclusions
We have studied the long-term behaviour of the prototypi-
cal Be/X-ray transient 4U 0115+63/V635 Cas. Long-term
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monitoring observations indicate that the disc around
V635 Cas undergoes quasi-cyclic formation and dissipa-
tion. The time-scale of this quasi-cycle is compatible with
viscous processes. A quasi-Keplerian viscous decretion disc
model predicts a time-scale in good agreement with our
observations.
Our long-term monitoring observations also revealed
that V635 Cas has exhibited all types (double peaks, single
peak, shell, and absorption) of emission line profiles typi-
cally seen in Be stars. We interpret the drastic changes in
the line shapes as due to warping and/or tilting episodes
of the disc. These large changes in the disc are associated
with Type II X-ray outbursts, a fact difficult to reconcile
with models in which the outbursts are caused by physical
processes that affect only the vicinity of the neutron star.
We have shown that viscous decretion discs are over-
stable against global one-armed modes. Modelling the disc
around V635 Cas as a viscous decretion disc naturally
reproduces the typical time-scales of V/R variability ob-
served in the system.
Due to tidal truncation, the Be disc acts as a natural
reservoir of material, storing mass lost from the Be star
and then feeding it on to the neutron star at a very high
rate after it has become very perturbed. We are led to
conclude that it is the dynamical evolution of the circum-
stellar disc under the influence of the radiation pressure
from the central star and the tidal effect of the neutron
star companion what controls the X-ray phenomenology.
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